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Available online 1 July 2016Background: A thermostable lipase MAS1 from marine Streptomyces sp. strain was considered as a potential
biocatalyst for industrial application, but its production level was relatively low. Here, the effect of chaperones
co-expression on the secretory expression of lipase MAS1 in Pichia pastoriswas investigated.
Result: Co-expression of protein disulﬁde isomerase (PDI), HAC1 and immunoglobulin binding protein could
increase the expression level of lipase MAS1, whereas co-expression of Vitreoscilla hemoglobin showed a
negative effect to the lipase MAS1 production. Among them, PDI co-expression increased lipase MAS1
expression level by 1.7-fold compared to the control strain harboring only the MAS1 gene. Furthermore,
optimizing production of lipase MAS1 with Pichia pastoris strain X-33/MAS1-PDI in a 30-L bioreactor were
conducted. Lower induction temperature was found to have a beneﬁt effect for lipase MAS1 production. Lipase
activity at 24 and 22°C showed 1.7 and 2.1-fold to that at 30°C, respectively. Among the induction pH tested,
the highest lipase activity was obtained at pH 6.0 with activity of 440 U/mL after 144 h fermentation.
Conclusion: Our work showed a good example for improving the production of recombinant enzymes in Pichia
pastoris via chaperon co-expression and fermentation condition optimization.
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Enzymes play a key role in the “white biotechnology” due to their
properties of high catalytic efﬁciency, substrate speciﬁcity, reaction
under mild condition and environment-friendliness. Thus, they
have found many applications in biotechnology industry, including
detergents, cosmetics, foods, pharmaceuticals and ﬂavor industry [1].
Currently, enzymes from microorganisms are attracting enormous
attention because they are stable and can be obtained in bulk at low
cost [2].
Although enzymes are great of value in industrial application, their
yields are relative low via fermentation of original hosts. An alternative
choice is production of recombinant enzymes in a heterologous host.
Currently, several microorganism, including Aspergillus oryzae,
Aspergillus niger, Pichia pastoris (P. pastoris), Saccharomyces cerevisiae
and Escherichia coli, have been developed for heterologous proteins
production [3]. Among them, the methylotrophic yeast P. pastoris wasidad Católica de Valparaíso.
araíso. Production and hosting by Elsconsidered as an excellent host for various proteins production, dues
to its potential for high-level production, efﬁcient secretion, high cell
density growth and posttranslational modiﬁcation. Several
heterologous proteins, such as human serum albumin, have been
reported to produce at grams per liter level by P. pastoris [4].
However, secretion level of some other proteins was in a relatively
low level [5]. Therefore, strategies for elevating expression level of
those proteins in P. pastoris are urgently needed.
Generally, over expression of recombinant proteins in eukaryotic
cells, e.g., P. pastoris, might result in increasing production of unfold or
misfolded proteins. The accumulation of those function-loss proteins
in the endoplasmic reticulum (ER) could cause the activation of the
unfolded protein response (UPR), which seriously affect the secretion
and transportation of proteins [6]. Some cellular chaperones were
found to have the functions for releasing the UPR stress to the
cells. Protein disulﬁde isomerase (PDI) and immunoglobulin binding
protein located in ER involve in formation of disulﬁde bond
and refolding of protein [7], while HAC1 is a transcription factor for
activating target genes coding for chaperones and foldases when UPR
occurs [8]. Thus, co-expression of those chaperones with the target
gene seems to be an effect strategy for enhancing the expression level
of recombinant proteins [9,10].evier B.V. All rights reserved. This is an open access article under the CC BY-NC-ND license
Table 1
Primers used for construction of chaperon expression vectors.
Gene name Gene length (bp) Primer name Primer sequencesa
mas1
(H0B8D4)
780 MAS1-F 5′-CGGAATTCGCCACGCCAGCTGCTGAGGCTACTT-3’
MAS1-R 5′-CCGGTACCGCCAATCACAGAAGCACAGGTTGTA-3’
pdi
(EU 805807)
1554 PDI-F: 5′-AAACAACTAATTATTCGAAGGATCCAAACGATGCAATTCAACTGGAAT-3’
PDI-R: 5′-TAATTCGCGGCCGCCCTAGGGAATTCTTAAAGCTCGTCGTGAGCGTC-3’
hac1
(XM 002489994.1)
996 HAC1-F 5′-CGCGGATCCATGCCCGTAGATTCTTCTC-3’
HAC1-R 5′-CGGAATTCCTATTCCTGGAAGAATACAAAGTC-3’
bip
(XM 002490982)
2037 Bip-F 5′-CGCGGATCCATGCTGTCGTTAAAACCATCTT-3’
Bip-R 5′-ATTGCGGCCGCCTACAACTCATCATGATCATA-3’
vhb
(AY 278220)
441 Gene synthesis
a The restriction sites in the primers were underline.
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achieved by fermentation conditions optimization. Effects of carbon
source, nitrogen source, dissolved oxygen (DO), induction temperature,
pH and methanol concentration on the production of recombinant
proteins have been extensively studied [11,12,13]. Among these
fermentation factors, fermentation temperature and pH are key factors
affecting the recombinant protein production and cell growth. Both
cell death and target protein degradation could be decreased under
low fermentation temperature [14]. Wang et al. [15] had reported that
activity of recombinant polygalacturonate lyase in P. pastoris was found
to be higher at low fermentation temperature than that at high
fermentation temperature [15]. The pH value can affect the activity of
recombinant proteins and cell growth by changing their environment
charge. Charoenrat et al. [16] had reported that the proteolysis activity
could be inhibited by pH control to increase the production of
recombinant fungal endoglucanase in P. pastoris [16].
In our previous study, MAS1 lipase from marine Streptomyces sp.
strain W007 was characterized as a thermostable enzyme which
might have potentials for industrial application [17]. However,
the yield of MAS1, constitutively expressed under control of
glyceraldehyde-3-phosphate dehydrogenase gene promoter in
P. pastoris, was found to be low. In here, to improve the expression
level of MAS1 lipase in P. pastoris, the effect of co-expression of
chaperones gene and optimization of fermentation conditions on
lipase MAS1 production in P. pastoris in a 30-L bioreactor was
investigated.
2. Material and methods
2.1. Strains, plasmids and materials
E. coli DH5ɑ was used as cloning host. The plasmid pPICZαA
and pPIC9K (Invitrogen, Carlsbad, CA, USA) were used as cloning
vector. P. pastoris X-33 (Invitrogen, Carlsbad, CA, USA) strain was
used for expression. 4-Nitrophenyl octanoate was purchased fromFig. 1. Construction of expression vector. Physical maps of pPICαZA-MAS1 (a) and pPIC9Sigma-Aldrich (Shanghai, China). All other chemicals were of
analytical grade.
2.2. Construction of expression strain
The mas1 gene was ampliﬁed using primers MAS1-F and MAS1-R
(Table 1) with a previously constructed vector PGAPαA-MAS1 as
template [17]. The PCR products were double digested with EcoRI and
KpnI, and ligated into the same sites in pPICZαA containing an AOX1
promoter to generate vector pPICZαA-MAS1. For construction of
chaperones expression vectors, all the chaperone encoding genes
were cloned into pPIC9K vector (Fig. 1b). PDI, HAC1 and BIP gene
were obtained by PCR ampliﬁcation using P. pastoris GS115 genomic
DNA as template. PCR product of hac1 and bip gene were digested by
BamHI and EcoRI or Not I and ligated into the same site of pPIC9K,
while PDI gene was cloned in the pPIC9K using In-Fusion™ cloning
kit (Takara, Dalian, China) according to the instruction from the
manufacturer. The Vitreoscilla hemoglobin (VHB) gene was synthesis
by GENEWIZ biotechnology company (Shuzhou, China) and cloned
into pPIC9Kvector. All the constructions were conﬁrmed by fully
sequencing.
P. pastoris X-33 was transformed with 10 μg of PmeI-linearized
pPICZαA-MAS1 vector by electroporation to get X-33/MAS1.
Transformants were selected by YPD medium plates (1% (w/v) yeast
extract, 2% (w/v) peptone, 2% (w/v) dextrose, and 2% (w/v) agar)
containing 100 μg mL-1 Zeocin. For construction of MAS1 and
chaperon co-expression strain, X-33/MAS1 strain as the parent
strain was transformed with linearized pPIC9K vector containing
each chaperones gene by electroporation to get X-33/MAS1-PDI,
X-33/MAS1-BIP, X-33/MAS1-HAC1 and X-33/MAS1-VHB strains.
Transformants were selected by YPD medium plates (1% (w/v)
yeast extract, 2% (w/v) peptone, 2% (w/v) dextrose, and 2% (w/v)
agar) containing 100 μg mL-1 G418. Transformants containing inserts
of chaperones gene were conﬁrmed by colony PCR with their speciﬁc
primers.K-Chaperone (b). The chaperones gene in pPIC9K included PDI, HACI, BIP and VGH.
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Transformants with G418 resistance were picked from plate and
inoculated into glass tubes containing 3 mL BMGY medium. The
glass tubes harboring the cultures were incubated at 30°C with a
shaking speed of 200 rpm for 24 h. Then the cell pellets were
collected by centrifugation and transferred to a new glass tubes
with 3 mL BMMY medium. Methanol was added to the culture with
a ﬁnal concentration of 1% (V/V) at every 24 h. After 72 h, the lipase
activity of each transformants was measured using 4-nitrophenyl
octanoate as substrate under the optimal condition. Transformants
harboring each chaperon with highest activity were selected for
cultivating in shaking ﬂask.
Colony that showed high lipase activity with initial cultivation in
glass tubes were inoculated in a 500 mL ﬂask containing 100 mL
BMGY medium (1% (w/v) yeast extract, 2% (w/v) peptone, 1% (w/v)
glycerol, 100 mM potassium phosphate buffer, pH 6.0, 1.34% (w/v)
yeast nitrogen base, 4 × 10−5% w/v biotin) in a rotary shaker at 30°C
and 200 rpm. The cells were harvested by centrifugation at an optical
cell density of OD600 (2.0–6.0), and the cell pellet was suspended
with BMMY medium (containing 1% methanol v/v) to OD of 1.0
with the ﬁnal culture volume of 50 mL. Methanol was added at
ﬁnal concentration of 1% (v/v) at 24 h interval for 5 d continuously,
and the activities of lipase in the supernatant of fermentation broth
were measured and the OD of cell in the culture was monitored.
2.4. Fermentation scale-up
The fermentation inoculums was prepared by cultivating the cells
at 30°C with shaking at 200 rpm for 18–24 h in a 500 mL shaking ﬂask
containing 100 mL YPD medium. And then, 10% (v/v) of the culture
was inoculated into the 30-L bioreactor (Baoxing Co., Shanghai,
China). The initial OD600 of the culture in bioreactor was about
0.5. The X-33/MAS1 and X-33/MAS1-PDI strain were both grown in a
30-L bioreactor containing 7 L basal salt medium made of 0.47 g/L
CaSO4 × 2H2O, 9.1 g/L K2SO4, 7.5 g/L MgSO4 × 7H2O, 6.2 g/L KOH,
13.35 mL/L H3PO4 (85%), 20.0 g/L glycerol and 1.5 mL Pichia trace
solution (PTM1) (Guangzhou Chemical Reagent Factory, Guangzhou,
China). One liter PTM1 consists of 6 g CuSO4 × 5H2O, 0.08 g NaI,
3 g MnSO4 × H2O, 0.5 g CoCl2, 20 g ZnCl2, 0.02 g H3BO3, 0.2 g
Na2MoO4 × 2H2O, 65 g FeSO4 × 7H2O, 0.2 g biotin and 30 mL 6 N
H2SO4. The pH of the medium was adjusted and controlled at 5.0
using NH4OH (28%) and H3PO4 (10%). The methanol or glycerol
feeding to the fermentor was controlled by a pump. Temperature and
agitation rate were maintained at 30°C and 600 rpm, respectively. DO
concentration was constantly maintained between 20% and 60%
saturation. Once glycerol was depleted from culture broth, which was
indicated by a sharp increase in DO, the glycerol fed-batch phase was
started with feeding 50% (v/v) glycerol until the biomass was reached
about 180 g/L (wet cell weigh). After half an hour, the methanol
fed-batch phase was carried out, and the culture was supplied with
100% (v/v) methanol to induce lipase expression. Samples were taken
at regular intervals to monitor the biomass, lipase activity and total
protein concentration.
2.5. Optimization of the induction temperature and pH
To investigate the effects of temperature and pH on the production
of lipase MAS1 from X-33/MAS1-PDI strain, the induction temperature
and pH were optimized in a 30-L bioreactor. At the glycerol fed-batch
phase, the condition was maintained at 30°C, pH 5.0 for the cell
growth. Then, during the methanol fed-phase, the temperature was
set in the range of 30°C to 22°C, and then the pH was controlled at
pH 4.0–8.0, respectively. The lipase activity, protein concentration, cell
density and viability were monitored at 24 h interval.2.6. Analysis of lipase activity and total protein concentration
The activity of lipase MAS1 was determined by colorimetric
techniques using 4-nitrophenyl octanoate as substrate. The reaction
mixture was consisted of 80 μL 100 mM phosphate buffer of pH 8.0,
10 μL proper dilute enzyme solution and 10 μL substrate dissolved
in ethanol (10 mM). The reaction was incubated at 25 °C for 5 min,
and terminated by adding 100 μL of 1% SDS. The absorbance of the
reaction mixture was measured at 405 nm. One unit of enzyme
activity is deﬁned as the amount of enzyme required to release 1 μmol
of p-nitrophenol per minute. The protein content was determined
according to the Bradford method using BSA as standard.
2.7. Analysis of biomass and cell viability
Dry cell weight (DCW) of the cell suspension was determined by
centrifugation of 10 mL cell broth in a pre-weighed centrifuge tube at
8000 × g for 10 min, followed by washing twice with distilled water
and drying to constant weight at 105°C in an oven. The cell viability
measurement was performed using methylene blue dye exclusion
technique as described by Sinha et al. [14].
3. Results and discussion
3.1. Effect of chaperons co-expression on the production of lipase MAS1
To enhance the expression yield of MAS1 lipase in P. pastoris,
co-expression of chaperones with MAS1 lipase was conducted.
Chaperones genes encoding PDI, HAC1, BIP and VHB were cloned in
the expression vector pPIC9K (Fig. 1b) and were separately
transformed into the P. pastoris strain X-33/MAS1 following by
antibiotic G418 selection. Initially, at least 40 colonies of each
chaperon co-expression strains were randomly selected, cultivated
and their activities were tested using 4-nitrophenyl octanoate as
substrate. For each chaperon co-expression strains, most of colonies
tested showed similar lipase activity, but were slight higher than that
of MAS1 expressing strains. Despite the fact that all the transformants
contained the genes of lipasemas1 and chaperons conﬁrmed by PCR, a
few transformants without any activity were also found. One possible
reason is that the integration of chaperon genes by the second
electroporation disrupted the existing expression cassette of the mas1
gene in the genomic DNA of the host resulted in gene expression
deﬁciency. The transformants with highest activity were cultivated in
shaking ﬂasks.
After 120 h inductionwithmethanol in shaking ﬂasks, lipase activity
of each X-33/MAS1 transformants having each chaperonwasmeasured.
Highest activity was found in the broth supernatant of X-33/MAS1-PDI,
which was 1.7-fold to that of X-33/MAS1 (10 U/mL) (Fig. 2). PDI
located in the ER involves in the formation of disulﬁde bonds in
folding proteins and the rearrangement of incorrect disulﬁde [7]. And
lipase MAS1 was predicted to have two pairs of disulﬁde bonds by the
DiANNA webserver (http://clavius.bc.edu/~clotelab/DiANNA/) [18].
Therefore, PDI might help in formation of disulﬁde bonds of lipase
MAS1 in ER resulting in improving the production of recombinant
lipase MAS1. Co-expression of HAC1 and BIP had slightly improved
the expression level of lipase MAS1. BIP and HAC1 are chaperones
that can stabilize the mis-folded proteins or induce production of
foldase. Increase of those chaperones content in cell resulted in
enhancing the production of soluble recombinant proteins. VHB,
a bacterial hemoglobin produced by Vitreoscilla under hypoxic
conditions [19], has been reported to improve the growth and
productivity of heterogous host [20,21]. However, co-expression of
VGB had a negative effect to the lipase MAS1 production. One
reason can be explained for that oxygen deﬁciency in fermentation
broth was not a bottleneck for lipase MAS1 production in P. pastoris
with shaking ﬂask cultivation, while expression of VGB have a
Fig. 3. Comparison of lipase activity (square) and total protein concentration (circle)
between X33/MAS1 (open symbols) and X33/MAS1-PDI (ﬁlled symbols) strains in a
30-L bioreactor.
Fig. 2. Effect of co-expression of chaperons on the production of lipase MAS1.
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MAS1-PDI strain was selected for subsequent investigation in 30-L
bioreactor since it displayed the highest activity among the strains
with chaperon co-expression.Fig. 4. Effect of induction temperatures on the production of lipase MAS1. Analysis of lipase M
MAS1-PDI were conducted in a 30-L bioreactor after 144 h fermentation.3.2. Promoting production of lipase MAS1 by PDI co-expression in a 30-L
bioreactor
To investigate the effect of PDI on promoting secretion of MAS1 in
fed-batch fermentation, X33/MAS1 and X33/MAS1-PDI strains were
grown in a 30-L bioreactor. In the initial study, induction pH and
temperature were set at pH 5.0 and 30°C, respectively. As shown in
Fig. 3, the lipase activity in fermentation broth of X33/MAS1 and
X33/MAS1-PDI strains were about 48 U/mL and 110 U/mL after
144 h fermentation, respectively. The total protein concentration of
X33/MAS1-PDI (0.782 g/L) in fermentation broth was higher than
that of X33/MAS1 (0.466 g/L). The lipase activity and total protein
concentration in broth of X33/MAS1-PDI cells were about 2.3 and
1.7-fold to that of X33/MAS1 strain. The biomass had no obvious
differences between X33/MAS1 and X33/MAS1-PDI strains (data
no shown), indicating that PDI co-expression did not inhibit the
growth of cell. However, in a previously study, Liu et al. [22] had
found that co-expression of PDI had a negative effect to the growth
of cell resulting to decrease the expression level of recombinant
α-glucosidase [22].
3.3. Effect of temperature on the production of lipase MAS1
Temperature plays a key role in fermentation process that affects the
cell growth and protein production. To investigate the effect of induction
temperatures on production of MAS1, induction temperatures ranging
from 22 to 30°C were tested. Meanwhile, the lipase activity and total
protein concentration in fermentation broth were monitored. As
shown in Fig. 4a, MAS1 activities in broth supernatant at lower
induction temperature were higher than that at higher temperature.
Lipase activity at 24 and 22°C were 185 and 220 U/mL showing 1.7 and
2.1-fold to that at 30°C, respectively. The total protein concentration in
fermentation broth at lower induction temperature (22, 24 and 26°C)
is also higher than that at 28°C and 30°C (Fig. 4a). These ﬁnding agreed
with previous reports that lower fermentation temperature have a
positive effect for protein production [23]. It was found that induction
at high temperature may have a slightly detrimental effect on biomass
at induction phase. The cell density of cell was 150 g/L at 30°C, which
was 18% lower than that of 24°C (Fig. 4b). Furthermore, the cell
viability under the temperature at 30 and 28°C was below 40%, while it
was higher than 80% at 22 and 24°C (Fig. 4b), indicating that higher
induction temperature has a detrimental effect to yeast cell.
3.4. Effect of pH values on the production of lipase MAS1
The effect of induction pH on lipase production within the range of
pH 4.0–8.0 in a 30-L bioreactor with induction temperature at 24°CAS1 activity (a), protein content (a), cell density (b) and viability (b) of P. pastoris X-33/
Fig. 5. Effect of induction pH on the production of lipaseMAS1. Analysis of lipaseMAS1 activity (a), protein content (a), cell density (b) and viability (b) of P. pastoris X-33/MAS1-PDIwere
conducted in a 30-L bioreactor after 144 h fermentation.
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at pH 6.0 with 440 U/mL after 144 h fermentation, which was 2 and
3-fold to that at pH 5 and 4, respectively. The protein concentration
at pH 6.0 was 2.0 g/L, which was higher than that at other induction
pH (Fig. 5a). Fig. 5b shows that the cell growth proﬁles under various
pH values seem similar, and their cell density after 144 h fermentation
was above 180 g/L. It should mention that cell growth sharply declined
at pH 8.0 with a cell density of 120 g/L at the end of fermentation
(data not shown), and the lipase activity has not been detected. The
yeast cell showed more robust at pH 6.0 (82% cell viabilities) than that
at other induction pH (Fig. 5b).
The time course change of lipase activity, biomass and DO values
during the fermentation under in 30-L bioreactor were monitored.
The proﬁles of each parameter were shown in Fig. 6. DO values is an
important parameter reﬂecting the metabolic rate of the culture
during the fermentation procedure. The consumption of all glycerol in
the culture resulted in rapidly raising the DO value after stop feeding
the glycerol, and then methanol can be fed into the culture to induce
the expression of MAS1 lipase. Although the biomass at 168 h was
higher than that at 144 h, the activity in culture had slight increase
with time extension.Fig. 6. Time course of lipase activity, biomass and DO values during the fermIn conclusion, the expression level of lipase MAS1 has been
signiﬁcantly elevated by chaperones co-expression and fermentation
condition optimization. Besides VGB, co-expression of chaperones
(PDI, BIP and HAC1) could promote the lipase MAS1 production.
Lower induction temperature and pH 6.0 have the beneﬁt effect on
lipase MAS1 production in a 30-L bioreactor. After optimization, the
expression level of lipase MAS1 have increased to 442 U/mL, which
were roughly 44-fold to that of shaking ﬂask cultivation (10 U/mL).
Our work not only provided enough amount of lipase MAS1 for
subsequent application research but also gave some clues for improving
heterologous proteins production in P. pastoris.
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